ESR1 is frequently silenced by CGI (CpG island) methylation, both in human colorectal tumours and, in an agedependent manner, in healthy mucosa. It is not clear, however, whether methylation of individual cytosines occurs randomly within the epithelial genome, or preferentially within individual cells as an 'all-or-nothing' phenomenon. CGI methylation can be quantified in human DNA residues recovered from faecal samples. We used bisulphite genomic sequencing of human DNA from this source and from a colorectal cancer cell line (SW48) to show that the ESR1 CGI is methylated in an allele-specific manner. This provides support for the 'all or none' mechanism for methylation of this gene, and shows how age-dependent methylation of the ESR1 CGI leads rapidly to silencing of the gene within the cells, and hence the colonic crypt within which it occurs. Preliminary studies with a rodent model suggest the rate of age-dependent methylation of ESR1 is modifiable by dietary folate.
Introduction
Regions of the genome with a high density of the CpG dinucleotide, termed CGI (CpG islands), occur frequently in the promoter regions of genes. Most CGI are not normally methylated, but methylation can lead to gene-silencing. Gene-silencing by promoter-region CGI methylation is increasingly recognized as an important phenomenon in colorectal carcinogenesis. A number of tumour suppressor genes has been shown to be affected by aberrant CGI methylation in transformed colon cells, whereas a subset of these genes has been shown to be aberrantly silenced in the apparently normal mucosa of healthy individuals in an age-dependent manner. It is not clear to what extent environmental factors, and particularly diet, may affect this phenomenon.
The putative tumour suppressor gene ESR1, encoding oestrogen receptor α, contains a CGI in exon 1 which, when methylated, leads to gene-silencing. Issa et al. [1] demonstrated the age-dependent increase of aberrant methylation of this CGI in normal colonic mucosa. However, it is not clear whether this occurs via a random accumulation of methylation at individual cytosines within the CGI (thus affecting all epithelial cells) or preferentially within individual cells, where the CGI is completely methylated (hypermethylated) in an 'all or nothing' manner.
We have used bisulphite genomic sequencing of DNA from a colorectal cancer cell line, and from human faecal DNA, to show that the ESR1 CGI is methylated in an allele-specific Key words: epigenetics, CpG island, DNA methylation, gene-silencing, colorectal cancer, folate.
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manner, thus providing support for the 'all or nothing' mechanism for methylation of this gene. We have also demonstrated that the rate of age-dependent methylation of ESR1 in mouse colon is influenced by the level of folic acid in the diet.
Bisulphite genomic sequencing indicates an 'all or nothing' mechanism of methylation
We have recently demonstrated that CGI methylation can be quantified in human DNA residues recovered from faecal samples and that the methylation status of the ESR1 CGI in faecal samples is significantly correlated with that from colonic mucosa [2] . Most studies of DNA methylation utilize the treatment of genomic DNA with sodium bisulphite, resulting in the preferential deamination of unmethylated cytosines to uracil (recognized as a T in a PCR), while methylated cytosines remain unconverted. Thus following PCR, cytosine will only be present in amplified DNA if the base was methylated. ESR1 CGI fragments were amplified by PCR (Figure 1A ) from bisulphite-modified DNA from a colorectal cancer cell line (SW48) and from faecal DNA from human volunteers. The amplified ESR1 CGI fragments were cloned into a TA-cloning vector for sequencing. Multiple clones for each amplified fragment derived from individual alleles were sequenced. Figure 1 shows typical results of sequencing individual clones derived from individual alleles of the ESR1 CGI amplified from SW48 ( Figure 1B ) or faecal DNA (Figure 1C) , respectively. The presence of either highly methylated (hypermethylated) or unmethylated alleles for both the cell line and faecal DNAs provides support for the 'all or nothing' mechanism of aberrant methylation of this gene. These results suggest that age-related methylation of the ESR1 CGI leads rapidly to silencing of the gene within the cells, and hence the crypt within which it occurs. The increase in ESR1 CGI methylation with age in the normal colonic mucosa, therefore, is likely to be associated with a gradual increase in the number of cells in which one or both alleles are silent. This raises the possibility that where the phenomenon is associated with tumour suppressor genes it could lead to an increased risk of neoplasia.
ESR1 CGI methylation can be modified by diet in vivo
Weanling mice (ten per group) were fed a diet containing 0, 2 or 8 mg/kg folic acid for 6 months. DNA was extracted from colonic tissue and ESR1 CGI methylation determined using a novel, two-stage quantitative methylation-specific PCR (QMSP) assay. The assay involves the amplification of ESR1 CGI fragments from bisulphite-modified genomic DNA using primers that do not contain CpGs. Quantitative realtime PCR, with primers specific for methylated alleles, was used to measure the number of methylated fragments in the amplified pool, while the total number of fragments was similarly determined using primers that contain no CpGs. The reporter in each case was SYBR green. The standards consist of cloned PCR fragments amplified from bisulphitemodified, SssI-treated mouse DNA. Figure 2 shows a statistically significant (P < 0.01) increase in ESR1 CGI methylation for all mice at 6 months compared with weanlings, confirming the existence of an age-related increase in ESR1 methylation in this model. Figure 2 also shows that mice fed a diet containing either 2 or 8 mg/kg folic acid had significantly (P < 0.01) increased ESR1 CGI methylation compared with mice fed no folic acid. Thus the rate of age-related methylation of the ESR1 CGI is modifiable by dietary folate in vivo.
Discussion
Methylation of cytosine within the CpG islands of gene promoter regions is now recognized as an important epigenetic regulator of gene expression [3] . One context in which this phenomenon is known to be particularly important is during 'stepwise' carcinogenesis in the alimentary tract, whereby precancerous lesions acquire abnormalities of gene expression. CGI methylation augments mutation and allelic loss as a cause of abnormal gene expression during colorectal and oesophageal carcinogenesis, but the relevance of age-dependent methylation of ESR1 and other genes in human colon has not been confirmed [1] . Our observation that ESR1 CGI becomes methylated in an allele-specific, rather than a random, manner in the human colon strengthens the conjecture that it can lead directly to aberrant gene-silencing within crypts.
We have also observed that supplementation with dietary folate accelerates age-dependent methylation of the ESR1 CGI in mouse colon. This finding is consistent with previous reports describing modulation of gene expression by dietary methyl donors in viable yellow agouti mice [4] . These epigenetic effects prompted the authors to suggest that chronic supplementation of humans with folates may modify gene expression in unexpected and not necessarily beneficial ways. It has previously been reported that low folate status is associated with global hypomethylation of DNA in rats [5] and humans [6] , but the relationship between folate status and CGI methylation is largely unexplored. It is interesting to note, however, that folate deficiency can inhibit the development of chemically induced colorectal carcinogenesis in rats [7] , and folate supplementation, given after the appearance of neoplastic foci, has been reported to accelerate tumour development in Apc min mice [8] . Such observations have recently raised important questions about the possible longterm effects of mandatory folic acid supplementation as a public health measure to reduce the risk of neural-tube defects [9] . Further studies on the effects of folate status on CGI methylation in the epithelial cells of the human alimentary tract are warranted.
